Medicine are sponsoring a working group on electronic imaging of the human body. Electronic imaging of the surface of the human body has been pursued and developed by a number of disciplines including radiology, forensics, surgery, engineering; medical education, and anthropometry. The applications range from reconstructive surgery to computer-aided design (CAD) of protective equipment. Although these areas appear unrelated, they have a great deal of commonalty. All the organizations working in this area are faced with the challenges of collecting, reducing, and formatting the data in an efficient and standard manner; storing this data in a computerized database to make it readily accessible; and developing software applications that can visualize, manipulate, and analyze the data. This working group is being established to encourage effective use of the resources of all the various groups and disciplines involved in electronic imaging of the human body surface by providing a forum for discussing progress and challenges with these types of data.
PERSPECTIVE: DEVELOPMENT OF SCANNING SYSTEMS
The development of imaging systems for surface metrology of human body surfaces to provide quantitative data sets.
The Canadian National Academy of Science laboratory has built and demonstrated 6 different prototypes for robotics research and machine vision. Their instruments incorporate synchronized scanning geometry composed of a laser source, a double-sided coated mirror, one or two scanners and a position sensor (typically a linear array of photosensing elements or CCD). A high speed eye-safe 3D laser scanner, based on the use of 1.5 mm laser light, is used. In collaboration with the University of Paris, a live model has been digitized, reconstructed, and animated. The surface data are segmented and organized in a four-dimensional B-spline surface. Intensity images are used by applying texture mapping techniques to solid modeling for the automation of prosthesis fabrication especially in the field of dentistry. Here the laser scanner geometry is such that the range resolution is on the order of 10 mm. There is software to extract the appropriate anthropometric parameters from an array of data points and a software package to segment and translate 3D data points into spline surfaces to support scanning projects. 18
The NYIT group developed automated, optical three-dimensional measurement techniques with particular emphasis on the measurement of live human body shapes. Phase Measuring Profilometry (PMP), whereby structured, sinusoidal illumination is used to obtain full-field surface digitization is well suited for live body measurement. Applications of this system include measurement of the shape of the human back, trunk from neck to thighs, hands, feet, teeth, and whole human body with full detail from head to toes.
There are major limitations which influence the design of successful scanning instruments under the technological restraints of practical optics, electronics and software systems. The requirements, however, are insufficiently defined. For example, what is the whole body? Does it include the bottom of the feet? Must the fingers and surfaces behind the ears be scanned in detail? Are the hair covered portions of the body to be scmned?2 Cencit designed and constructed an optical facial surface scanner. Members of the original design team now propose a new scanner based on this perspective. They divide the scanner system logically into 7 components: 1) the mounting structure, 2) the camera system, 3) the projection system, 4) the calibration system, 5) the video acquisition and electronic control system, 6) the computer system, and 7) the processing software. The proposed next generation scanner would meet some or all of the following criteria: accuracy, speed, flexibility and coverage.
The projection system, a key component of a structured light scanner, must be refined to correct limitations including inadequate depth of field, shifted patterns, strobe intensity variation, and thin bands. 5
Humans are not of standard size and shape, and presently no comprehensive data base exists to satisfy all the modalities of engineering design "correctness" for people. A "virtual" 3D mock-up of the human becomes a necessity. The human engineering model would have to be a set of models based on statistical norms for wide groupings of people, rather than a singular standard. Conceptualization of a universal 3-D mapping device, in which both nonfixed mapping and rapid data collection would be addressed. These include multi-sensor collection, fast-frame video, multi-channel (parallel) video-digitization, synchronization memory storage (limited to nonarchival storage for immediate processing), structured light and laser structured light 3-D mapping. Neither theoretical nor practical engineering limitations exist at the present time to prevent near-term realization of the above goals. 2 
PERSPECTIVE: DATA STORAGE AND INTERCHANGE FORMAT

STANDARDS
Considering the coordinates of the image element as independent variables, we have to deal with 2-, 3-and even higher-(time, frequency, etc.) dimensional image data. A variety of types Of structures (rigid, nonrigid, static, and dynamic) are possible. The design of any standard protocol should encompass these data types. They should be independent of any specific machine, as efficient as possible, and must be flexible. A variety of image and structure types (dimensionality, static, dynamic, rigid, deformable) should be incorporated. The design of imaging environments should start with what constitutes basic imaging transforms or operators. These are the basis for composing methodologies. 24 The National Library of Medicine (NLM) seeks to thoroughly and systematically investigate the technical requirements for and feasibility of instituting a biomedical images library. NLM should undertake as a first project building a digital image library of volumetric data representing a complete, normal adult male and female. This Visible Human Project will include digitized photographic images for cryosectioning, digital images derived from computerized tomography and digital magnetic resonance images of cadavers. The NLM must establish standards for acquisition and computer representation of this data; initiate a research effort to develop methods, tools and standards for the classification of objects within anatomic image data; and expand upon the initial image library composed of normal structure, to encompass specialized image collections which represent related structural information. Research into methods for representing and linking spatial and textual information is becoming known as structural informatics. The Visible Human data set will comprise approximately 42 gigabytes of pixel data (uncompressed), which would correspond to about 70 CD-ROMs. A distribution format and media have yet to be selected. The NLM seek to develop an efficient, machine-independent, widely acceptable form in which to publish this volumetric anatomic data, both in its pixel-and eventually in its geometry-based forms.
The University of Colorado School of Medicine has accomplished generation of an image database of volume anatomy and the production of a Video Atlas of 3D Human Anatomy. 3D Atlas data (the body regions are disjoint and from different cadavers) are composed of 24 bit rgb color images spaced on 0.5mm centers with 0.5 mm square pixel dimensions. These data cover regions such as the head and neck, the joints of the upper and lower extremities, the thorax, abdomen, and male and female pelvises. Each of these 1 1 regions is comprised of 300 to 750 Mbytes of data or up to 8 Gbytes of data for the complete atlas data set. The NLM Visible Human Project database will consist of continuous CT and physically sliced transverse cross sections through the entire extent of both a male and female "normal" cadaver. The digital form of these anatomical slices has not yet been determined, but it will be derived from a 70 mm photographic archive of up to 4K to 4K pixels in 12 bit rgb per frame. The raw image, anatomical database could grow to 40 Gbytes or more. A specification for the data format would provide for the correlation of image data from other sources of either the same or other specimens. Correlations of related image data sets should be facilitated by the inclusion of a standard set of volume anatomical reference points within each image database. 23
To gain knowledge of population based parameters, relevant details from the images must be extracted for analysis. A limit of landmark data is the lack of information describing surfaces or areas between landmarks. Definition of a relevant set of points, known as biological landmarks, located on the subject of interest, is the first step in the data reduction procedure. These points must be identifiable and reliably locatable on every subject to be included in analysis. There is labor intensive activity to create an average or mean representation of landmark locations. It is imperative that precise definitions be made of what is termed a mean form and what constitutes a difference in two mean forms. Where these forms differ, finite-element scaling analyses are used to produce static illustrations of local differences or changes in form. The goal is to extract data from these images that have direct bearing on a set of research problems. 17
There is a need for definition and use of a uniform, unambiguous and invariable system of subject designation. There is interest in physical and mathematical modeling of rheological processes in human aging; and viscoelastic human tissue deformation (deformation of physical models because of gravitational loading). Scale-modeling techniques may be able to be used to calculate the effective viscosity of human tissues. Skeletal structures may be considered as nonflowing rigid bodies, and soft-tissue structures as homogeneous, isotropic masses with a single Newtonian viscosity. A national database is sought. Some aging phenomena which may have a major rheological aspect are changes in the human body associated with irreversible deformation of tissues. 9
The key barriers preventing the immediate use of computer-based human models with concurrent engineering include (1) inconsistency in anthropometric dimensions measured across surveys, (b) inadequate reporting of anthropometric dimensions in biomechanical studies, (c) lack of data on civilian worker populations, (d) incomplete data on the locations ofjoints and lengths of internal links, and of human joint ranges of motion, (e) lack of systems approaches in academic studies, and (f) lack of well-defined processes for applying computer capabilities to development of human factors design requirements and evaluation of engineering designs early in the design process. 
PERSPECTIVE: CALIBRATION, VALIDATION, AND EVALUATION OF SCANNING SYSTEMS
There is necessity of gathering accurate, highly repeatable measurements of homologous anatomical structures, either landmarks or surfaces. Traditional anthropometric techniques have been limited to linear distances of unknown configuration in three-dimensional space. The factors which must be considered in the validation and testing of an imaging system for anthropometric measurement follow.
1) Repeated images of the same individual should be nearly identical. That is, error in producing a digital
image from a living subject should be evaluated.
2) The locations of reliably identifiable anatomic points by a trained observer should be sought. That is, error in locating and marking landmarks needs to be determined. The statistical analysis of the repeated measures allows one to estimate the precision and repeatability of the measurement device. 14 Surface scanners recording the surface of the human face in three dimensions may enable facial surgery to be planned and predicted more accurately. Fundamental aspects of facial recognition are studied by characterizing surfaces mathematically with the development of methods for averaging facial surfaces to produce the average male and female facial forms and use of surface variance as a means of discovering which parameters individuate faces. The 3D face processing methods can aid diagnosis, surgical planning, radiotherapy treatment planning, prosthesis design, and manufacture and teaching. Two commercial products: an optical body surface scanner and a medical graphics workstation for visualizing 3D databases were developed by the U of L group.15
There is need to evaluate the growth of body segments across the lifespan. These include changes and differences in segment shape, size, and inertia between and within age span, gender and ethnicity. The elliptical model has been used extensively. The model is based on major and minor axes, measured from frontal and lateral outlines of the body. Photographs can be used and the segments divided and digitized by tracing the outline with a digitizer. The whole body properties can then be calculated. The logical limitations of models of this nature are their ability to accurately follow volume profiles and the inaccuracies attributable to differences between density profiles and the average density adopted. These models enable the description and prediction of growth. Detailed changes in segment inertias can be determined. A study was conducted on the elderly seeking differences across the lifespan. Gender and racial differences are substantial and need to be given due recognition replication and cross validation in order to verify the differences between individuals and groups and changes within individuals which have been identified. 12 
PERSPECTIVE: DATA ANALYSIS. IMAGE PROCESSING AND DISPLAY
Direct interactive and quantitative methods are required to extract and analyze the intrinsic and relevant information contained in the multidimensional image data. What is needed additionally is comprehensive, integrated, interactive, quantitative, and intuitive software for visualization and analysis of multimodality, multidimensional biomedical images. Software should be usable on any 2-D or 3-D imaging modality, and a variety of interactive editing and quantitative mensuration tools should be available. 3-D image segmentation, fusion, classification, and interactive volume rendering should also be available. The program should be written entirely in a high-level language and should run on most standard UNIX workstations. 19 The issue of rendering 3D volumes has diverted interest from the importance of extracting objects from the 3D volume. Once object definitions are available, object relationships can be defined. These are essential for the development of simulation, biomechanical and other studies. The accuracy of object surfaces as extracted needs to be known. This includes subpixel or fuzzy edge definition (an issue of precision) and the possibility that incorrect edges are being extracted (an issue of accuracy).8
The complex form of the human body demands that the data from a scanning system possess a resolution proportional to surface curvature changes and an accuracy less than the desired resolution. 13 
PERSPECTIVE: PHYSICALLY BASED MODELING OF DEFORMABLE OBJECTS
With the use of deformable templates to best match the data from some scanning source extensive prior information can be exploited when estimating the 3D shape or image of the body.22
There is the generally unresolved problem in Computer Vision that the segmentation of a scene depends on the task. Hence, in general, it is impossible to objectively segment an unknown scene. One can, however, assume that the scene is unknown but the class of expected objects in the scene belong to a well defined geometric class of objects. One can also use an a priori pictorial database as the anatomy atlas for matching the real patient data. Then the class of expected objects in the scene are primitives and are a class of parametric objects that are described by their position in the world, their orientation and two, so called shape parameters. Bacsy and associates developed a computerized anatomy atlas of the human brain and an elastic matcher that takes this pictorial representation, i.e. the atlas, models it as a rubber sheet, and deforms it to the real patient data obtained via CT or MRI scans.7
Physically-based models can be effectively used for two converse problems: facial image synthesis and facial image analysis. For facial image synthesis, physical models facilitate the construction and articulation of faces acquired from volumetric CT/NMIR and surface scanned data. For facial image analysis, physical models facilitate the extraction of time-varying control parameters from human faces in motion. Physically-based models can be effectively used in the construction of synthetic facial tissue from acquired data and are capable of emulating facial tissue dynamics. Furthermore, these models provide a valuable re-sampling strategy using elastic lattices and deformable templates. Physically-based deformable contours can effectively track nonrigid human facial motion.
3D geometric surfaces can be constructed from CT data using marching cubes that convert an array of density data into a polygonal representation by sequential tessellation of a logical voxel constructed from eight pixels. A simplified physical model combined with a parametric muscle actuator is capable of displaying a wide range of facial articulations. A ui-layered model of facial tissue is used as a first order approximation to facial tissue mechanics and can be constructed from surface scanned data by projecting sample nodes backward into the facial geometry. Re-sampling is required to concentrate data in areas of high curvature and reduce data in flat regions. A deformable contour, called a snake, can track the nonrigid motion of salient facial features, such as the mouth and eyebrows over successive frames. 25 Apparel CIM has been the impetus for research into electronic imaging of the human body combining image processing and deformable object modeling with the storage and manipulation of the data. The goal of this research is to develop data and knowledge representation structures and transformations which form a computer system capable of generating garment patterns from their design specifications. A combination of geometry with artificial intelligence is employed. A detailed model of human body geometry is an essential component. The data base contains multiple types of information necessary to include geometric information about the body being modeled, hierarchical information about the body, and links between the various components. The model of the body is intended to be generic, and includes two other structures which are necessary to this work: one for a garment, such as a woman's dress; the other for a corresponding garment pattern. To automate the generation of garment patterns from garment design specifications and human body information, a physically-based approach to three-dimensional modeling using dynamic models that can deform both locally and globally to fit complex 3-D shapes such as human bodies is employed. Dynamic models are used that can deform both locally and globally to fit complex 3-D shapes. The model is composed of parameterized volume models as well as local surface models. The parameterized volume model, such as an ellipsoid, provides the global deformation degrees of freedom and the local model, such as a spline, is used to cover diverse local shapes.3
Among a given population, only a few individuals have a surface morphology which exactly fits published tables of measurements. It is necessary to take the differences between individual morphologies into account through geographical statistics (i.e., to account for regional variations). CAD Modeling s.r.l. of Italy has developed an original human size classification system that is more detailed and meaningful than standard sizing tables. They construct and sell a series of special mannequins (for a man, woman, boy, girl, teenager, and baby). These are classified into slim, athletic, regular, robust, corpulent and extra corpulent. It is possible to individuate human physical structures by parameters corresponding to the most important and peculiar body-features, according to clothing necessities. These parameters are: physical bases, heights, and sizes. A patented system for automatic morphological classification in groups (physical bases), and automatic determination of the subject's Italian clothing size has been developed. 16 We seek to construct a realistic and precise representation of medical and biological knowledge for real-world shapes and patterns. Shapes being imaged may be strongly structured. They are not rigid and, therefore, exhibit high variability. A fundamental task in the understanding and the analysis of biomedical scenes is construction of models that incorporate both variability and structure in a mathematically precise way. How can we design representations which incorporate the complexity of normal human anatomy, while accomodating human variation? Global shape models attempt to represent image ensembles in terms of their typical structure via the construction of templates, and their variabilities by the definition of probabilistic transformations applied to the templates. The global shape modeling enables one to automatically carry out registration (correspondence) between slices, and noise suppression.1°A utomated analysis to organize, integrate, quantify and interpret 3D anthropometric data sets will be required.
This translates to a need for reliable and meaningful segmentation, integration of multisensor information, approaches to dealing with large amounts of image and knowledge-source data, and inference of dynamic characteristics from the time-sequential imagery. Manifold representations of 3D data study of higher-dimensional multi-sensor data will need an integrating representational formalism. Computing on 3D, and higher, manifold representations of these data shows promise of providing this integrating formalism. 6 The Human Engineering Division of the Armstrong Laboratory has been working in the area of three dimensional (3D) surface imaging of the human body for use in the design of crew stations, personal equipment, and clothing. This project has been ongoing for about five years and is currently focused on 3D imaging of the head. Surface data has been collected on approximately 1000 normal male and female adult subjects (USAF personnel) using a laser-based facial surface scanner (Cyberware Echodigitizer). This information has been analyzed and used in the design of several head mounted systems. Work is currently underway on developing a whole body 3D digitizer that allows rapid and accurate data collection, and on obtaining material properties of body tissues that can be utilized in the design of improved clothing and personal equipment.
SUMMARY STATEMENT
Electronic imaging of the human body has been pursued and developed by a number of disciplines including radiology, forensics, surgery, engineering, medical education, and anthropometry. Some of the organizations performing work in the area are the Human Engineering division of the Armstrong Laboratory; the Mallinckrodt Institute of Radiology; the Lister-Hill National Center for Biomedical Communication, National Library of Medicine (NLM); the Washington University School of Medicine; US Department of Defense (DoD); and Canadian Defense and Civil Institute for Environmental Medicine (DCIEM). The applications of body surface imaging and measurement range from reconstructive surgery to computer-aided design (CAD) of protective equipment. Although these areas appear unrelated, they have a great deal of commonality. All of the organizations working in this area are faced with the challenges of collecting, reducing, and formatting the data in an efficient and standard manner; storing this data in a computerized data base to make the data readily accessible; and developing software applications that can visualize, manipulate, and analyze the data. Because of the enormous amount of commonality of work in the area of electronic imaging, a working group is being established to make the most effective use of the resources of all the groups and disciplines working in this area and to prevent unnecessary duplication.
The working group is being sponsored by the Human Engineering division of the Armstrong Laboratory; the Mallinckrodt Institute of Radiology; the Lister-Hill National Center for Biomedical Communication, National Library of Medicine (NLM); the Washington University School of Medicine; US Department of Defense (DoD); and Canadian Defense and Civil Institute for Environmental Medicine (DCIEM) under the auspices of the Crew System Ergonomics Information Analysis Center (CSERIAC), an organization under the DoD that sponsors information exchange and working groups. The members will be selected from position papers. The main working group will be limited to approximately 20 people. The intent is that the main working group will provide a means of interacting with other organizations to facilitate exchange of information. An initial meeting on 9-11 March 1992 was organized to review common interests, identify problem areas, and establish priorities.
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